A bridge type microwave Fourier transform spectrometer, equipped with flat oversized Stark cells and an operational range from 8 GHz to 40 GHz is described. As application we report the experimental determination of the vibronic ground state dipole moment and of the anisotropy in the static polarizability of 1,1-dideuteroallene. Our experimental values are: /z a = 0.0053(2) D for the dipole moment, and (ay -a ± ) = 4.26(6) • 10~2 4 cm , for the polarizability anisotropy.
Introduction
In view of its inherent high sensitivity and resolution, waveguide microwave Fourier transform spectroscopy (MWFT), first introduced by Flygare and coworkers in the early seventieth [1] , is an ideal technique to study the Stark effect in the rotational spectra of near nonpolar molecules [2, 3] . The analysis of the splittings of the rotational transitions in an exterior electric field directly leads to the vibronic ground state expectation values for the electric dipole moment and for the anisotropies in the electric polarizability tensor, i.e. to molecular parameters which are of high interest in calculations of intermolecular forces at close range. In the following we describe a new bridge type MWFT spectrometer especially designed for such Stark effect studies. As a first application we present results obtained for 1,1-dideutero allene, D 2 C = C = CH 2 , whose small vibronic ground state dipole moment arises from the slight imbalance in the vibronic ground state structures at the =CD 2 and = CH 2 end. Our results differ considerably from data reported in an early pioneering microwave study [4] , in which only weak and unresolved spectroscopic features could be analysed.
Reprint requests to Prof. Dr. D. H. Sutter, Abteilung Chemische Physik im Institut für Physikalische Chemie, Universität zu Kiel, Olshausenstraße 40-60, W-2300 Kiel 1, FRG.
Experimental
A block diagram of our spectrometer is shown in Fig. 1 (V-band version, i.e. microwave components specified for the 26.4 to 40 GHz range). As main difference with respect to a standard waveguide MWFT spectrometer, the in-band waveguide "absorption" cell is replaced by a pair of identical oversized cells, arranged in a bridge setup. One cell (the lower one in Fig. 1 ) contains the sample under investigation (pressure typically in the 1 to 10 mTorr range), the other cell is evacuated. In a bridge setup one can cope with the problems associated with the use of oversized cells, i.e. mode conversion to higher modes, which lead to comparatively long lasting resonances in the cell superimposed to the faint molecular transient emissions, and nevertheless one can still take advantage of their lower insertion loss, their reduced rate of wall collisions, and of the high homogeneity of the Starkfield which can be achieved in flat, oversized cells (see below). Our cells have an overall length of 3 m and an inner cross section of 10 mm by 47 mm. Each is equipped with a central Stark septum, 3 mm thick, which is running parallel to the broad face of the waveguide. These "Stark-plates" are supported and insulated from the waveguide walls by grooved teflon strips. To minimize reflections, the septa are symmetrically tapered at each end. Typical data characterizing their microwave transmission properties as tested with an hp 8757 C scalar network analyzer are a 0932-0784 / 93 / 0500-737 $ 01.30/0. -Please order a reprint rather than making your own copy. Fig. 1 . Block diagram of the MWFT bridge spectrometer for Stark-effect investigations. Prior to each experiment the bridge is tuned such that the microwave pulses travelling through the system from left to right interfere destructively after recombination in the directional coupler at the end of the bridge set up (part 37). Problems, which in a single cell setup would be associated with unavoidable reflections at the end of the oversized sample cell, can thus be largely eliminated. Only the molecular emission signal which originates from the lower sample cell (the upper reference cell is evacuated) reaches the detector. If necessary, the sample cells can be cooled down to -70 °C by methanol flowing through a cooling jacket. Both cells are mounted inside evacuated tubes in order to avoid deformations which otherwise might be caused by the external atmospheric pressure. For technical details compare also [5] , A list with the technical specifications of all components used in the present investigation may be ordered from the authors. voltage standing wave ratio of 1.5 and an insertion loss of 3.5 dB at a microwave frequency of 24 GHz. When shifting from the X-band through the Ku-band and K-band to the V-band, only the microwave components have to be changed while the double cell and the intermediate frequency section of the spectrometer remain in place. In the following we briefly sketch how the V-band setup, explicitely shown in Fig. 1 , operates. For technical details compare also [5] .
In an experiment near resonance, short (1-3 ps) and intense (10-20 W) microwave pulses are used to drive the molecules coherently into mixed states (noneigenstates). After the end of the pulse this results in a macroscopic polarisation of the gas sample which oscillates at the resonance frequency corresponding to the energy difference between the upper and lower level involved in the transition, and which leads to a transient molecular emission signal. Within 10 to 50 ps this signal decays. The decaytime is mainly determined by the loss of coherence as caused by collisions, Doppler dephasing, and, in a Stark-effect experiment, the inhomogeneity of the applied Stark field in the outer regions of the waveguide. This inhomogeneity leads to slightly different spacings of the energy levels of molecules experiencing different Stark fields and causes their wave trains to "get out of step" already shortly after the end of the exciting pulse. Behind the sample cell the faint molecular emission signal is amplified (in part 42 of Fig. 1 ) and downconverted into the 160 MHz range (in part 43) by heterodyning it against the strong local oscillator signal. After a second downconversion into the 30 MHz range (in part 66) the transient emission is sampled by a 1 bit A/D-converter at 10 ns intervals, and the data are stored in the memory of the home made experiment control and averaging unit (part 73, [6] ). For near nonpolar molecules, such as D 2 C = C = CH 2 studied here, the extremely faint transient emission from typically 5 • 10 7 to 10 8 excitations are recorded for a period of about 10 ps each and averaged up for noise compensation prior to the subsequent analysis.
As indicated above, the most serious problem associated with the use of oversized sample cells in a MWFT spectrometer is that mode conversion from the fundamental into higher modes (and vice versa) cannot be completely eliminated. These higher modes are unable to propagate in the adjacent in-band waveguides and thus bounce back and forth in the oversized cell. By reconversion to the fundamental mode, this leads to comparatively long lasting "pulse echoes". (Note that the power in the pulse falls into the 10 W range, while the molecular emission signal is in the 10" 13 W range or even below.) As worked out in the Appendix of [7] such "pulse echoes" may degrade the sensitivity of the 1-bit averaging system to a degree which prevents the detection of the molecular emission. In a bridge-type setup, however, it is possible to overcome this problem in an elegant way. By proper adjustment of the phase shifter (part 22) and the attenuators (part 19 and 20) it is possible to fine-tune the bridge such that the pulse signals propagating through the two oversized cells interfere destructively after recombination in the directional coupler behind the cells (part 37). (In a tuned bridge the complete pulse power is dissipated in the absorber inside the directional coupler.) The same destructive interference also occurs for the pulse echoes. Sure enough, perfect tuning cannot be achieved, but in practice it is always possible to reduce the amplitude of the echoe well below the noise level, which is sufficient to preserve the full sensitivity of the system [7] . In contrast to the pulse echoes, the molecular transient emission originates only from one cell and thus does not suffer from destructive interference.
For 1,1-dideuteroallene, kindly provided by Beat Vogelsanger, Zürich [8] , we studied the Stark-effect of the ^K a K-c -Ioi^Oqo rotational transition near 15.7 GHz and all three J"-* J' = 2 -> 1 transitions near 31.6 GHz. Stark-fields up to 14kV/cm were applied. The spectrometer was calibrated using OCS as standard [9] . With the vectors of the Stark-field and the electric field of the incident microwave radiation parallel, the AM = 0 electric dipole selection rule applied. Thus one Stark-satellite (Af = 0) was observed for the 1 0 transition and two Stark-satellites (M=0 and M = ± 1) were observed for the 2 -»• 1 transitions. In order to give an idea of the quality of the spectra obtained with the spectrometer, we present two experimental results in Figure 2 the satellite signals were directly fitted to the observed transient emissions by an iterative least squares procedure developed by Haeckel and Mäder [11] . Our results are listed in Table 1 . Also listed in Table 1 is a Stark-shift of the M = 0 satellite in the 1 ->0 transition observed earlier at Zürich by B. Vogelsanger. It fits nicely into our data. In the following section we comment on our analysis of the observed Stark-splittings.
Analysis of the Stark-Effect Splittings
For the analysis of the low-J Stark-effect splittings 
with
In (1) ä is the (static) electric molecular polarizability tensor.
If referred to the molecular principal inertia axes system, the two contributions to our effective Hamiltonian may be written more explicitly as
and
In ( bation theory [12] , while the polarizability already leads to first order contributions. We first treat the latter.
Since the polarizability contribution has exactly the same mathematical form as the magnetic susceptibility contribution in rotational Zeeman-effect spectroscopy [13] , we can use the matrix elements derived earlier for the susceptibility contribution without having to go through the mathematical derivation again. We simply have to replace the magnetic field strength, H z , by the electric field strength, E z , and the magnetic susceptibility tensor elements, x gg , by the elements of the electric polarizability tensor, a. gg . The explicit expression to use for the calculation of the polarizability contribution to the energy levels thus takes the form
(compare (111,12) of [13] ). In (4) a = (a afl + a bb + a cc )/3 is the so-called (static) molecular bulk polarizability and <J 
We now turn to the Stark-effect contribution which arises from the nonzero vibronic expectation value for the a-component of the electric dipole moment. Here second order perturbation theory leads to an energy expression with a form very similar to (6) [15] :
where the coefficients A (JtKaKc) and B (J KaK ) are calculated as perturbation sums. Botskor's program KONABI was used for these calculations.
From (6) and (9) it follows that the Stark-shifts, if plotted against should follow straight lines. This indeed is the case (compare Figure 3) . We note that each observed Stark-shift corresponds to an equation which is linear in p 2 and in the polarizability anisotropy, (ay -a x ), with coefficients which can be calculated with high precision from the rotational constants. Thus the normal equations which correspond to the observed Stark-shifts listed in Table 1 Table 1 .
Discussion
The vibronic ground state expectation value for the electric dipole moment determined here, <//"> = 0.0053 (2) D, must be compared to the value determined from the broadening of the unresolved K a -doublet 4j2 <-3 31 ; 4 31 <-3 30 upon application of a Stark-field [4] . A conventional 100 kHz Stark-modulation spectrometer had been used by the authors in their pioneering study. In hindsight it is now obvious that the experimental uncertainty in the lineshape analysis (compare Fig. 2 in [4] ) had been considerably underestimated and that the value for the electric dipole moment of D 2 C = C = CH 2 has to be revised. As a consequence, all studies which have used this older value for </0, f°r instance for calibration purposes, have to be reexamined too. As an example we quote the vibronic expectation values of H 2 C = C = CH 2 in its degenerate vibrational states v l0 = \ and u n = l. These values have been determined in an elegant MWFT double resonance experiment by Vogelsanger and Bauder (compare Table III in [8] ). Unfortunately no experimental values were given by the authors but roughly, i.e. neglecting that also a slightly changed value for the polarizability anisotropy should be used, their reported values will have to be upscaled by the quotient of the two dipole expectation values, i.e. by 53/31 (compare (2) in [8] ).
We now turn to our result for the static polarizability anisotropy. We believe that its fairly accurate value should be of interest for scaling the results of semiempirical and ab initio quantum chemical calculations. (Recently quantum chemical calculations of the static polarizabilities and hyperpolarizabilities of polyenes have been reported in increasing numbers in an attempt to assist experimental chemists in their search for new products with interesting technical properties, cf. [16] [17] [18] [19] .) For such comparisons we complement the value for the anisotropy as determined in this work by a value for the static bulk polarizability as it may be extrapolated from the optical gas phase polarizabilities (a n -a x ) determined by Buckingham and coworkers [20] . We extrapolated their optical (or electronic) contributions to the polarizabilities to zero frequency under the assumption that they are linear functions in v 2 (v = optical frequency) (cf. [21] , p. 3323 lower right). The static molecular bulk polarizability was then estimated using the crude relation [22] (a »" aJ -. [23] installed at the VAX-X-MC at the computer center at the University of Kiel (see Table 2 ). The 6-311 G** basis was used and the calculation was carried out at the experimental restructure, as fitted to the rotational constants of HDC = C = CH 2 and D 2 C = C = CH 2 (r (C=C) = 1.3095(8) Ä, r (C _ H) = 1.0835(24) Ä, and < HCH = 118.55(25)°). With the computed value for (ay -a x ) at about 150% of the experimental value, the necessity for calibration of quantum chemical results is obvious. This will be especially true for lower level quantum chemical calculations such as have to be used presently for approximate calculations of the properties of larger polyenes.
